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Pax4 Expression does not Transduce Pancreatic Alpha Cells to Beta Cells

Introduction
Regulation of blood glucose concentrations requires an appropriate number of betacells that responds properly and dynamically to the changes in blood glucose levels [1] . Of note, autopsy studies have shown decreases in beta-cell mass by 0 to 65% in type 2 diabetes (T2D), and by 70-100% in type 1 diabetes (T1D) [2] . A 50% decrease in beta-cell mass in rodent studies could result in impaired insulin secretion and induction of insulin resistance [2] . Recovery of functional beta-cell mass has been shown to be an effective therapy for diabetic patients [1, 2] .
During embryonic pancreatic development, both beta-cell proliferation and beta-cell neogenesis (generation of new beta cells from pancreatic endocrine progenitor cells that express Neurog3) have been found to contribute to the formation of beta cell mass [3] [4] [5] . Nevertheless, beta cell proliferation has been shown to be the predominant contributor to postnatal growth of beta cells [6] [7] [8] [9] [10] [11] [12] . Since mature beta cells rarely proliferate [13] [14] [15] [16] [17] [18] , great efforts have been taken to generate insulin-producing beta cells through gene manipulations.
Recently, embryonic expression of a key beta-cell determining transcription factor Pax4 in endocrine progenitors or newly formed alpha cells has been shown to induce formation of beta cells from alpha cells [19] . Moreover, alpha cells have been shown to transdifferentiate into beta cells either long after an extreme beta-cell ablation [20] , or shortly after a harsh treatment like pancreatic duct ligation [21] . Based on these studies, we asked the question whether direct overexpression of Pax4 in alpha cells may initiate the reprogramming of alpha cells into beta cells to regain blood glucose control in diabetic animals.
Here we generated an adeno-associated virus carrying Pax4 and GFP under a CMV promoter (AAV-Pax4). We used AAV-Pax4 to transduce mouse an alpha cell line in vitro, and primary alpha cells in diabetic mice. In vitro, Pax4 overexpression neither induced insulin expression, nor suppressed glucagon expression in alpha cells. In vivo, Pax4 overexpression failed to increase beta cell number, and did not alter hyperglycemia and glucose response in diabetic mice. Together, we found that Pax4 expression was not sufficient to transduce pancreatic alpha cells into beta cells in mature alpha cells, as it did in embryonic animals. Overexpression of Pax4 in alpha cells may not increase functional beta cells in diabetic patients.
Materials and Methods
Mouse handling
All animal experiments were performed according to the USA National Institute of Health Guide for the Care and Use of Laboratory Animals, and the protocols were approved by the Ethics Committee for Experimental Research, Liaoning Medical University. Female C57BL/C mice of 12 weeks of age were purchased from the National Resource Center of Model Mice (Nanjing, China). Mice were housed in Pathogen-free environment. The beta-cell toxin streptozotocin (STZ, Sigma-Aldrich, St. Louis, MO, USA) was injected intraperitoneally at 150 mg/kg body weight.
Cell line culture
Mouse aTC is an alpha cell line purchased from ATCC (American Type Culture Collection, Manassas, VA, USA). The aTC cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and low glucose.
Generation of AAV vectors
AAV-CMV-Pax4-2A-GFP (simplified as AAV-Pax4) and AAV-GFP were prepared as has been previously described [22] [23] [24] . Briefly, we used a pAAV-CMV-GFP plasmid (Clontech, Mountain View, CA, USA), a packaging plasmid carrying the serotype 8 rep and cap genes, and a helper plasmid carrying the adenovirus helper functions (Applied Viromics, LLC. Fremont, CA, USA) in this study. The Pax4 construct was prepared from an E13 mouse embryonic pancreatic cDNA, amplified by PCR. The construct was then subcloned into the pAAV-CMV-GFP vector with a 2A to generate the Pax4 vector. The pAAV-CMV-GFP is used as a control. Sequencing was performed to confirm the correct orientation of the prepared vectors. AAV was prepared by triple transfection of the pAAV-CMV-GFP or pAAV-CMV-Pax4-2A-GFP plasmid, R2C8 (containing AAV2 Rep and AAV8 capsid genes) and plAd5 (containing adenovirus helper genes) into HEK293 cells by Lipofectamine 2000 reagent (Invitrogen). The viruses were purified using CsCl density centrifugation and then titered by a quantitative densitometric dot-blot assay.
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In vitro and in vivo transduction
For cell transduction in vitro, the aTC cells were incubated with AAV at a MOI of 100 for 12 hours. For cell transduction in vivo, 10 9 AAV in 150µl PBS were infused into the mouse pancreas from the pancreatic duct, as has been described before [25, 26] .
Immunohistochemistry and immunocytochemistry
Mouse pancreata were dissected out and fixed with 4% paraformaldehyde (Sigma-Aldrich) for 6 hours, and then cyro-protected in 30% sucrose for 24 hours. Frozen samples were then sectioned in 6μm. Cultured aTC cells were cytospun in slides. Primary antibodies used in immunohistochemistry are guinea pig polyclonal anti-insulin (1:300) (Abcam, Cambridge, MA, USA), rabbit polyclonal anti-Pax4 (1:100) (Santa Cruz Biotechnology, Dallas, Texas, USA), and mouse monoclonal anti-glucagon (1:500) (Sigma-Aldrich). GFP was detected by direct fluorescence. Secondary antibodies were Cy3-, Cy2-and Cy5-conjugated antibodies for corresponding species (Jackson ImmunoResearch Labs, West Grove, PA, USA).
Quantification of beta cell mass
The quantification of beta cell mass was done as has been described before [9] . Briefly, the pancreata were weighed and then fixed with 4% Paraformaldehyde for 6 hours, and then cyro-protected in 30% sucrose for 24 hours in a way to allow longitudinal sections from tail to head of the pancreas to be obtained. Sections at 150µm intervals from whole pancreas were immunostained for insulin and analysed using NIH Image J software. The relative cross-sectional area of beta cells was determined by quantification of the cross-sectional area occupied by beta cells divided by the cross-sectional area of total tissue. The beta-cell mass per pancreas was estimated as the product of the relative cross-sectional area of beta cells per total tissue and the weight of the pancreas. The beta-cell mass was calculated by examining pancreata from 10 animals for each group.
Physiological assessments
Fasting blood glucose levels were measured using an Accu-Chek glucose meter (Roche, Indianapolis, IN, USA). For intraperitoneal glucose tolerance test (IPGTT), mice were fasted for 16 hours and injected with glucose (2 g/kg). Blood glucose levels were measured at 15, 30, 60 and 120 minutes after injection. Insulin levels from cultured cells or total pancreas were determined with an insulin ELISA kit (Alpco, Salem, NH, USA). Plasma glucagon levels were determined with a glucagon RIA kit (Millipore, Billerica, MA, USA), following the manufacturer's instructions.
Western blot
Protein was extracted from the cultured cells by RIPA buffer (Sigma-Aldrich) for Western Blot. The supernatants were collected after centrifugation at 12000×g at 4°C for 20min. Protein concentration was determined using BCA protein assay, and whole lysates were mixed with 4×SDS loading buffer (125 mmol/l Tris-HCl, 4% SDS, 20% glycerol, 100 mmol/l DTT, and 0.2% bromophenol blue) at a ratio of 1:3. Samples were heated at 100 °C for 5 min and were separated on SDS-polyacrylamide gels. The separated proteins were then transferred to a PVDF membrane. The membrane blots were first probed with a primary antibody. After incubation with horseradish peroxidase-conjugated second antibody, autoradiograms were prepared using the enhanced chemiluminescent system to visualize the protein antigen. The signals were recorded using X-ray film. Primary antibodies for Western Blot are anti-Pax4 (Santa Cruz Biotechnology) and anti-β-actin (Cell Signaling, San Jose, CA, USA). Secondary antibody is HRP-conjugated anti-rabbit (Jackson ImmunoResearch Labs). Images shown in the figure were representative from 5 repeats.
Statistics
All values are depicted as mean ± standard error and are considered significant if p < 0.05. All data were statistically analysed using one-way ANOVA with a Bonferoni correction, followed by Fisher's exact test to compare 2 groups.
Results
Generation of Pax4-expressing AAV vectors
First, we generated AAV vectors that carry Pax4 and GFP, AAV-CMV-Pax4-2A-GFP (simplified as AAV-Pax4). AAV-CMV-GFP (simplified as AAV-GFP) was used as a control (Fig.  1A) . The overexpression of Pax4 by AAV-Pax4 in cells was confirmed by Western blot (Fig.  1B) .
Overexpression of Pax4 in vitro did not transduce alpha cells into beta cells
To examine the effects of overexpression of Pax4 on alpha cells, we transduced aTC cells by AAV-Pax4 or AAV-GFP in vitro. We found that overexpression of Pax4 in aTC cells did not inhibit glucagon expression by immunostaining (Fig. 1C) , and by ELISA on glucagon content (Fig. 1D) . Moreover, Pax4 in aTC cells did not induce insulin expression, by immunostaining The quality of viral infusion was manifested by gross imaging, which show rather even distribution of GFP signals due to the presence of GFP in the viral construct (Fig. 2B) .
We found that the AAV-Pax4 infusion neither decreased the fasting blood glucose of STZtreated mice (Fig. 3A) , nor altered the glucose responses in these mice (Fig. 3B) , compared to the control AAV-GFP-infused mice. However, AAV-Pax4 infusion indeed increased Pax4 levels in the mouse islets (Fig. 4A) .
Then, we examined the histology of the pancreas, and found no increases in beta cell number, shown by immunohistochemistry (Fig. 4B) , and by analyses of beta-cell mass (Fig.  5A) , or pancreas insulin content (Fig. 5B) . Together, these data suggest that Overexpression of Pax4 in vivo did not transduce alpha cells into beta cells. 
Discussion
The treatment of diabetes is one of the greatest medical challenges in this century. Diabetes results from a deficiency or functional impairment of insulin-producing beta cells, which may presents alone or in combination with insulin resistance [6] [7] [8] [9] [10] [11] [12] . The replacement or regeneration of functional beta cells should reverse the progression of diabetes [6] [7] [8] [9] [10] [11] [12] . Therefore, this concept has prompted great efforts to create new beta cells through transdifferentiation or reprogramming of non-beta cells into beta cells or to induce proliferation of beta cells [6] [7] [8] [9] [10] [11] [12] . However, this latter approach has been shown to be extremely difficult, since beta cells are generally post-mitogenic [13] [14] [15] [16] [17] [18] . On the other hand, forming functional beta cells from non-beta cells, although attractive, has been shown to be barely possible without genetic approaches.
Pancreatic alpha cells are one of the major islet endocrine cells in the pancreas. Developmentally, alpha cells are closely related to beta cells [27] . Moreover, previous studies have provided evidence that may support a possibility that alpha cells have a potential to be reprogrammed into beta cells under certain circumstances [20, 21, 27] . Recently, embryonic expression of a key transcription factor Pax4 in endocrine progenitors or newly formed alpha cells has been shown to induce formation of beta cells from alpha cells [19] . However, whether this approach may trigger the reprogramming of adult or mature alpha cells is unknown. Indeed, it has been shown that expression of a transcription factor in either newly formed alpha cells or adult alpha cells may be very different [27, 28] . Thus, there is a need to examine whether Pax4 is sufficient to trigger alpha-to-beta cell reprogramming in adult alpha cells.
Here, we generated an AAV carrying Pax4 and GFP under a CMV promoter, since a previous study has shown that CAG promoter is not optimal for transduction of alpha cells [25] . We successfully transduced mouse alpha cells both in vitro and in vivo, using an intraductal infusion technology for the latter approach. This technique has been recently published and has been shown to be an efficient gene delivery method into pancreas [25, 26] , which was further confirmed in the current study in that we found that the infection efficiency for endocrine cells and acinar cells are greater than 90%, while duct cells were rarely infected. However, we found no evidence of alpha-to-beta reprogramming by Pax4 overexpression both in vitro and in vivo, suggesting that Pax4 is not sufficient to trigger alpha-to-beta cell reprogramming in adult alpha cells.
Thus, overexpression of Pax4 in alpha cells may not increase functional beta cells in diabetic patients. Additional transcription factors may be needed to initiate such a reprogramming.
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